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Introduction
In order to improve the understanding of failure modes in rock during drilling, a better knowledge of rock mechanical characteristics is required. The percussive drilling method is commonly used in the tunneling and mining industry. The impact of a piston on the drill rod creates a stress wave that is transferred onto the rock through the tool buttons. The rock is then fragmented and flushed out by using water or air.
Unlike the situation at quasi-static indentation, the stress waves and rapid indentation make percussive drilling a transient dynamic problem with high local strain rates in the rock [1] . The final aim of this investigation is to numerically simulate the rock fragmentation mechanism during percussive drilling as a dynamic problem. To reach this goal, a constitutive model is needed to deal with both the tensile behavior of the material at high strain rate, because of the fast indentation, and also confined compression behavior that occurs underneath the indenter.
A typical fracture system in rocks during quasi-static indentation is shown in Fig. 1 . Different types of cracks are visible in this picture. Also in the region ahead of the indenter, a crushed zone forms due to high compressive stresses. Consequently, there is a need for a need for a good understanding of the mechanical response of rocks when loaded in unconfined tensile stresses, and in confined compression. Except for the crack propagation velocity that is needed to describe the generation of fragments under dynamic loading conditions, all the other material parameters needed to simulation the dynamic fragmentation of rocks can be deduced from the set of tests reported hereafter [2] . Fig. 1 Fracture system in rock indentation [3] .
Moreover, the influence from pre-existing cracks and defects is examined in detail. Basic defects in rocks are voids, pores and microcracks as well as other related features [4] . Such microstructures produce heterogeneity in the strength and stiffness of the material. It is well-known that rock fractures via initiation, growth and coalescence of microcracks, together with sliding between individual grains and the surfaces of microcracks. Associated with these microscopic mechanisms, rock specimens exhibit nonlinear stress-strain responses [4] , [5] . Granite, which is the particular material studied in this work, has many pre-existing cracks (see e.g. [6] and [7] ), but the porosity is very low (about 0.2%).Most rocks show a transition from brittle to ductile behavior by increasing the confining pressure. However, silicate rocks with low porosity are brittle at room temperature over the whole range of normal laboratory confining pressure up to 0.5-1.0 GPa [8] . Some workers have reported that granite experience brittle fracture even at confining pressures up to 3-4 GPa [9] .
Many studies have been performed during the past years to numerically simulate the rock drilling and fragmentation process in brittle materials. Liu [10] developed a rock and tool interaction code (R-T 2D ) and studied the fragmentation process in a quasi-static situation. He used a double elliptic cap strength criterion together with scalar damage for studying rock failure under the action of mechanical tools. Wang et al. [11] used an in-house numerical tool to simulate the rock fragmentation process induced by indentation. The heterogeneity of the rock material is considered and isotropic damage is employed to model progressive degradation of the material. The stress-strain curve is assumed elastic up to a damage threshold, followed by strain-softening. Both Liu [10] and Wang et al. [11] restrict their analyses to 2D plain strain conditions and do not account for inelastic strain. Furthermore, Saksala [12] studied the impact indentation of rocks using an isotropic damage concept for tensile and a viscoplasticity consistency model for compression loading. A parabolic cap was used to describe failure in the high compression region beneath the indenter. This work is performed under 2D plane strain conditions. More recently, the model was improved to deal with 3D simulations [13] .
Forquin and Hild [2] studied dynamic fragmentation in brittle materials in general due to impact loading by using a statistical approach for material parameters. The constitutive equation consists of the plasticity model summarized by Krieg [14] , Swenson and Taylor [15] for compression that is coupled with the anisotropic damage model developed by Denoual and Hild [16] , Forquin and Hild [2] in tension (here and in the sequel referred to as the KST-DFH model). It is shown how a brittle and random behavior under quasi-static loading becomes deterministic and stress-rate dependent when increasing the loading rate. This type of model was able to describe the fragmentation of two grades of limestone [17] , dry and wet concrete [18] and microconcrete [19] under spalling tests and edge-on impact experiments.
As already mentioned above, the rock material of interest in the present investigation is granite, and in particular Bohus granite. From an industrial point of view this is a very important material often being encountered in a real drilling situation and, furthermore, also often used at controlled laboratory experiments during development work in order to improve for example drilling efficiency. It is the intention here to perform a complete material characterization of Bohus granite for the purpose of analyzing the mechanical behavior of this material. Often the resulting mechanical problems become complicated and numerical methods (in particular the finite element method) have to be adhered to. This, however, allows for the use of advanced constitutive descriptions of the rock material enabling high accuracy results. The above discussed KST-DFH model is certainly such an advanced description that has shown excellent results when analyzing other types of brittle materials [17, 18, 19] . Accordingly, the present experimental investigation aims at material characterization of Bohus granite but it is also the intention that this characterization should be pertinent to very advanced constitutive models including the issue of dynamic fragmentation. The KST-DFH model naturally then comes to mind but due to the general experimental approach taken, it should be possible based on the results to also determine the material parameters in other constitutive models for rock materials with the intention to perform finite element analyses of the mechanical behavior of granite, both in a dynamic and in a quasi-static situation. The different experiments performed for this purpose, and it's relation to different physical features, are explained immediately below. In order to summarize then, the structure of the paper is as follows. In section 2, 3 and 4 the different mechanical tests are described and the results are presented. These results are pertinent to material properties to be used at constitutive modelling but also other mechanical features are presented. In section 5, the particular issue of the presence of pre-existing cracks is scrutinized. Finally, in section 6, the outcome of the investigation is summarized and discussed, especially so in relation to constitutive modelling of granite.
Direct compression and tensile tests
Direct compression and tensile tests are performed on granite rock in order to investigate its mechanical properties. In the tensile test, the experimental device is composed of two socket joints to provide a uniform stress field. In the compression case, the specimen is loaded by means of two platens (see Fig. 2 ). Zwick 1476 load frame is used for both direct compression and tensile tests. Strain gauges and LVDT sensors were used to compare the nominal and local strains. The specimens were in all cases cylindrical 45.7 mm in diameter and 140 mm in length and they are obtained using diamond core drill machine. Four direct compression tests are performed at low strain rate (10 -5 s -1 ) and more than 2000 samples were recorded for each test. The specimens are first loaded below 30% of the final failure point (see Table 1 ). The same specimens are then subsequently loaded in quasi-static tension up to final failure. The results from the compression tests suggest that the specimens can be sorted into two different groups depending on their initial stiffness, from now on referred to as weak and strong specimens. It should be mentioned that the results from LVDT readings include the compression steel platen deformation and therefore only the data from the strain gauges will be used for this test. Results corresponding to one of the weak and one of the strong specimens are shown in Fig. 3 . As can be seen, there is a non-linearity in the axial stress-strain behavior at the beginning of the loading stage, in particular in the weak specimen. This is mostly due to the fact that the pre-existing open cracks start to close gradually during loading. Then the behavior becomes linear up to a certain stress limit. The initial elastic modulus of the weak specimen is about 31 GPa increasing up to approximately 52 GPa at higher compressive load levels. In the strong specimen the corresponding initial value is approximately 52 GPa and increasing only slightly at higher loads.
It is of course of interest to compare the results with previous findings for granite in the literature. It was stated in [6] that the increase of the tangent Young's modulus during the initial part of loading following by a constant value is connected to closure of pre-existing cracks in (Chelmsford) granite. The value of the initial elastic modulus is reported in [6] , for one crack orientation in Chelmsford granite, to change from slightly more than 30 GPa to a constant value around 55 GPa after a certain load level pertinent to an average 60 MPa of axial stress. These results are in good agreement with the present ones reported above. In this context it should also be mentioned that Saksala [1] reports a somewhat higher value, 80 GPa, on the compressive Youngs's modulus for Bukit Timah granite. This value is of course higher than the ones determined here but is obviously for another type of granite material. Seven direct tensile tests are conducted at low strain rates (10 -5 ) up to final failure and more than 500
samples were recorded for each test. The quasi-static tensile test results are summarized in Table 2 . The reason that some of the specimens are so weak is due to the presence of large pre-existing defects. These large cracks were also seen on the surface of a few other specimens that were not selected for the experiments. The results from the gauges and LVDTs are very similar in these tests. The stress-strain behavior of one of the weak (S7) and one of the strong (S100) quasi-static tensile tests is depicted in Fig. 4 . As can be seen, there is a noticeable non-linearity in the curve of the weak specimen. The initial elastic modulus is about 30 GPa and it degrades by increasing the load. The opening and coalescence of new cracks during the tensile loading explains this behavior. On the other hand, the strong specimen shows less non-linearity in the stress-strain curve with much higher tensile strength. It should be mentioned that the initial elastic modulus is very similar in compression and tension for both tests. Two tensile tests with cyclic loading-unloading are performed to investigate the unloading stiffness. The unloading starts at a level of 3 kN and 4.5 kN followed by increasing the load to final failure. The result shows that the unloading stiffness decreases during the test on the weak specimen (S20), which is due to the new open cracks that lead to the material damage. There is also noticeable inelastic strain after each unloading stage which indicates that some of the new open cracks will not completely close after the unloading and therefore cause irreversible strain (Fig. 5 ). In the case of strong specimens (S100), the stiffness reduction and inelastic strain is almost negligible which means that the specimen is mainly loaded in the elastic regime. In addition to the quasi-static tensile tests, four high velocity direct tensile tests are performed using a hydraulic press with jack speed of 0.2 m/s. The results from high velocity direct tensile tests are summarized in Table 3 . The very low tensile strength in specimen S12 corresponds to the presence of the previously discussed large initial cracks. The average tensile strength at the intermediate strain rates is slightly higher than the one from quasi-static tensile tests (excluding the strong specimens S99 and S100). This may be due to the strain rate dependence of such material. However, dynamic tests at higher strain rates (e.g. spalling tests) are to be performed in order to investigate this rate dependence in detail.
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Quasi-oedometric compression tests
Among the other techniques used to characterize the behavior of geomaterials under high-confining pressure, the so-called quasi-oedometric compression test is used in this work (see Fig. 6 ). During such a test, a cylindrical specimen tightly enclosed in a confinement cell is axially compressed [20] , [21] . Four strain gauges are glued on the external surface of the confinement ring in the hoop direction. The radial stress and strain within the specimen can be obtained from gauge readings [21] . Further, the barreling of the ring is evaluated from the off center strain gauges (no plastic deformation is introduced in the ring). Both axial and radial stresses increase during loading as the material expands in the lateral direction. This gives an indication of the strength of the material at different levels of hydrostatic pressure. The deviatoric and volumetric response of the material can be obtained from this test.
Granite cylinders 28.9 mm in diameter and 40 mm in length (cut using diamond core drill machine) were loaded at a quasi-static strain rate of 10 -3 s -1 and more than 700 samples were recorded for each test. Two tests were conducted and the results are very similar. The maximum load of the machine reached 1100 kN during the test corresponding to a hydrostatic pressure of 864 MPa in the rock specimen. The axial and radial stresses are shown in Fig. 7 as functions of the axial strain. The hydrostatic pressure versus volumetric strain is shown in Fig. 8 (a) and the deviatoric stress versus pressure is plotted in Fig. 8(b) . The deviatoric response of the material is mostly linear with a small nonlinearity in the higher pressure part. The volumetric response, however, is virtually linear in the whole loading range with a constant bulk modulus. This linear response is due to the fact that the material just contains a very small amount of porosity (0.2%) which is different from the case of porous rocks where the bulk modulus decreases noticeably due to porosity collapse [22] . When the pores are closed, the material exhibits a higher bulk modulus, which corresponds to the compacted material response.
(a) (b) 
Flexural tests
Tensile failure of brittle materials depends upon the microstructure in terms of flaw density and failure stress distribution. To evaluate the quasi-static strength of the studied rock and its distribution, three-point bend (3PB) tests are carried out and Weibull statistics is used to describe the strength distribution [23] , [24] .
Flexural test with strain gauges
Parallelepiped specimens of size 20 × 20 × 100 mm 3 and 40 × 40 × 150 mm 3 are loaded quasi-statically with a strain rate of 10 -4 s -1 up to the failure point and more than 200 samples were recorded for each test.
The tensile surfaces of the specimens are carefully polished before the test to eliminate possible surface defects induced by their preparation. Strain gauges are placed on some of the specimens in the middle of the tensile surface.
The nominal stress is defined based on Bernoulli beam theory from the actuator force P, and the support distance l as
where h is the height of the sample and b the width. The nominal stress-strain curve in most of the specimens is mainly linear before the maximum load, followed by a brittle behavior leading to final failure. Accordingly, the Bernoulli beam theory may be employed to obtain the tensile strength of the material. The elastic modulus is about 52 GPa in these specimens. The strain data from the two gauges with different length, 10 and 30 mm, both glued on the middle of the tensile surface of a strong specimen, are very similar, see Fig. 9 . Fig. 9 Nominal stress-strain behavior in 3PB test of one strong specimen.
However, some specimens showed a significant non-linearity in the nominal stress-strain curve with a noticeably lower load capacity compared with the others. This behavior was as previously discussed also found in uniaxial tensile tests. The stress-strain data for one of these weak specimens is shown in Fig. 10 with strain data obtained from the 10 and 20 mm gauges. Firstly the degradation of the stiffness is clear from the results. Secondly the strain values from the two gauges are very similar initially, but they become different at increased load. This is an indication of crack openings during loading. The longer the strain gauge, the smaller the strain value if there are cracks in addition to the strain of the intact material. This will be discussed further in the next section. 
Flexural test analyzed with digital images
To further investigate the crack openings during loading, digital images are taken from the tensile surface of the specimens during the 3PB test. The surfaces of the specimens are coated with small dots randomly distributed by using paint spray. Digital Image Correlation (DIC) is then performed to measure the displacement field on the surface. The ARAMIS system with two cameras of 1.3-Mpixel definition is used in this investigation and the experimental setup is shown in Fig. 11 . Fig. 11 Experimental setup for 3PB test with digital image acquisition. Fig. 12 and Fig. 13 show the maximum principal strain field for two specimens during different loading stages. The specimen in Fig. 12 has a large initial defect that was visible before loading. As seen in the results (Fig. 12) , the strain concentration region occurs on the surface and leads to the final failure. This region, which corresponds to crack opening, starts to form very early during loading (about 40% of the maximum load). In the strong specimen on the other hand, the strain concentration does not occur before 95% of the maximum load (see Fig. 13 ). It is followed by a brittle behavior leading to the final failure. The material response before the maximum load can be assumed to be linear.
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Fig . 13 Force-displacement of actuator and DIC results for 3PB test of a strong specimen.
Weibull statistics
Weibull statistics will now be employed to describe the strength distribution of the material. In order to obtain the Weibull parameters of the material, the weak specimens as described above are not considered initially. This is because of the fact that the initial defect in these specimens is so large that it can be treated more as a structural type defect rather than a material feature. It should be mentioned that these large defects were even visible initially on the surface of a few specimens. Alternative ways to include the structural cracks in the analysis (and also in the constitutive description) will be discussed below.
The results of the bending tests, for both the small and large specimens, are plotted in Fig. 14 in which the failure stress are sorted in ascending order and the failure probability P F of the i-th test is obtained from
where n is the total number of tests for a given volume. The failure stress is calculated from the actuator force P, and the support distance l using the Bernoulli beam theory (see Eq. (1)).
One classical way to obtain the Weibull modulus m is then to look at the slope of the linear interpolation in the so-called Weibull plot, ln[ln(1P F )] versus ln(σ F ) where σ F is the stress to failure. The mean tensile strength and the Weibull modulus of the material obtained from the 3PB tests are summarized in Table 4 . It should be noted once again that the results in Table 4 correspond to a case where only strong specimens (according to the force-displacement curves) are considered. The Weibull modulus obtained from the two specimen sizes are fairly close to each other. The Weibull size effect is written as To evaluate a unique set of Weibull parameters, namely analyzing both the small and large specimens in one set, the so-called Weibull stress σ w [27] is computed,
where V 0 is an arbitrary reference volume. For a given initial value of the Weibull modulus (say one of those identified previously) the Weibull stress of any test on small and large samples is computed. The set of Weibull stresses is sorted in ascending order and all the data are plotted in a modified Weibull plot, ln[ln(1P F )] versus ln(σ w ). The slope gives a new estimate of the Weibull modulus. By iterating this process a few times a unique and converged value of Weibull modulus m = 23 is obtained. Fig. 15 shows that the two test series are distributed over a large part of the probability axis, thereby indicating that a single set of Weibull parameters can be deduced from this combined analysis. In a mechanical analysis of a problem related to granite rock materials, for example in a drilling situation, the damage characteristics is then appropriately described by the results in Fig. 15 with the explicit value on the Weibull modulus m being 23. In such an approach, the structural cracks discussed above are not considered (this is presently referred to as an intact material) but could be accounted for by introducing a finite number of initial cracks in the analyzed structure. The validity of such a constitutive description where only micro-cracks are accounted for is further supported by the fact that present observations indicate that structural cracks are mainly formed due to the sample preparation, for example cutting. Accordingly, when virgin granite material is at issue, for example in an initial drilling situation, such cracks will be few or practically nonexistent.
It is of course possible to also suggest that the structural cracks can be treated as material characteristics indicating that two defect populations must be considered in the constitutive description. In such an approach, the results from both the weak and strong specimens must be included in the Weibull plot and a bimodal Weibull distribution is then used to account for the two defect populations [28] , see Fig. 16 . This results in the m-values m 1 = 2.5 and m 2 = 29. The lower Weibull modulus in this curve corresponds to the structural cracks with large scatter in size and location. It should be immediately emphasized though that in such an approach the maximum stress in the specimen is not correctly determined from Eq. (1) and accordingly the strength of the (weak) specimens is unknown. Furthermore, the scatter in size and location of these structural cracks will be different for each set of specimens and as a consequence, adding additional experimental results relevant to weak specimens can substantially change the value on m 1 .
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Fig . 16 Bimodal Weibull plot including all the weak and strong small specimens in 3PB test.
Pre-existing cracks in granite
Having so discussed above the execution and outcome of the experimental tests it seems natural to also discuss some further the specific issue of pre-existing cracks. Such cracks are not an immediate factor when building constitutive equations but are nevertheless a very important feature in a mechanical analysis of granite. It should be noted that it has also previously been reported [7] that granite rock contains many pre-existing cracks.
The size of the pre-existing cracks is, as determined in the present study, very approximately up to a few millimeters. A mesoscopic image from the surface of granite is shown in Fig. 17 . The dark regions in the picture correspond to cracks and faults. As can be seen, a couple of open cracks are visible. However, any obvious anisotropy in the orientation of these cracks is not observed on the macroscopic scale. The problem of stiffness reduction of a cracked body has been widely investigated [29] , [30] . Kachanov [31] proposed a simple method to evaluate the effective stiffness of a linear elastic material with N noninteracting micro-cracks. The effective compliance of the material including penny shaped cracks with the density ρ (i.e., number of cracks per unit volume) and length a is expressed as
where S eff is the effective compliance tensor, S m and ν m the intact material compliance tensor and Poisson's ratio, n the normal vector to the crack face with components n x , n y , n z , and N is defined by
To simplify the problem, only the cracks normal to the loading direction are considered. The only nonzero component of the normal vector would then be n x , n y or n z and Eq. (6) is simplified as
The effective stiffness of a 1 mm 3 cube is plotted as function of the crack density and crack length (Fig.   18 ). The effective stiffness degrades about 15% if the cube has two horizontal cracks of 0.5 mm size. 
Conclusions
The present experimental investigation aims at material characterization of Bohus granite pertinent to advanced constitutive models including the issue of dynamic fragmentation. The KST-DFH model naturally then comes to mind but considering the general experimental approach taken, it should be possible based on the results to also determine the material parameters in other constitutive models for rock materials with the intention to perform finite element analyses of the mechanical behavior of granite.
A very important feature of the granite material is the large number of initial cracks, both at the grain boundaries and also across the grains. In addition to that, some samples had structural bulk or surface cracks, here called weak specimens, which cause significant stiffness and load capacity reduction. Direct tensile and compression tests are performed and the mechanical properties of the material such as stiffness and strength are obtained. A significant non-linear stress-strain behavior in both compression and tension is captured from the weak specimens. A damage mechanism prevails in the tensile case with the degradation of the stiffness due to open cracks. In the compression tests, the elastic modulus gradually increases in the beginning and then becomes equal to 52 GPa when increasing the load level. This suggests that all of these weak specimens had initially one or many large structural defects in the bulk that cause a stiffness reduction of about 40%. On the other hand, the strong specimens show a linear-like behavior during both tensile and compression tests. In tension, the stress-strain curve is mainly linear before the maximum load followed by a rapid brittle failure. In compression tests, the stiffness increases slightly due to the closure of the pre-existing material cracks.
Quasi-oedometric tests are carried out in order to obtain the deviatoric and volumetric response of the material at different levels of hydrostatic pressure. The deviatoric response of the material is mostly linear with a very small non-linearity in the higher pressure part. The volumetric response, however, is almost linear in the whole loading range. This result is due to the very small amount of porosity (0.2%) in the material.
3PB tests are performed to evaluate the quasi-static strength of the rock and also its statistical distribution. Strain gauges are used in some of the tests to further investigate the strain data. Some specimens also had two strain gauges with different lengths. In most of the specimens, the stress-strain curve is mainly linear before the maximum load, followed by a brittle behavior leading to the final failure. There are some specimens that show a significant non-linearity in the force-strain curve with a noticeably lower load capacity. The large difference between the strain values from the two gauges in these specimens suggests that the crack is open on the tensile surface at an early stage. These specimens have, as was the case also in uniaxial tension and compression tests, initial bulk structural defects. Digital Image Correlation (DIC) is performed on a few tests and it is demonstrated that in the specimens with initial structural defects, the crack is open early during loading. It is also shown that the crack gradually propagates followed by a semi-brittle behavior that leads to total failure. Weibull statistics is used to describe the strength distribution. The so-called Weibull stress is used to obtain the Weibull modulus for all the specimens with different sizes as one unique set.
The structural cracks in granite specimens must be carefully accounted for as they have a significant influence on the mechanical behavior of the material. As some of these cracks are in the bulk of the specimens, one may think of a number of simple ways to determine their presence. In 3PB tests, using two strain gauges with different lengths is a simple alternative. Any difference in the stress-strain data from the two gauges at an early loading stage and also a large difference in the strain value at the failure point may be interpreted as the presence of structural crack. When the strain gauge is longer, the strain value decreases if there is a gap in the material due to the open cracks, in addition to the strain of the matrix. Also digital images can be taken from the tensile surface of the specimens during the 3PB test and DIC can be performed to investigate if the cracks are open early during loading. If so, it means that the specimen includes structural cracks. Loading-unloading in direct tensile test can be performed and a large inelastic strain at the end of each unloading stage is a sign of open cracks that are not closed completely and leave irreversible strains. A significant stiffness increase during a direct compression test may be interpreted as closure of structural cracks in the specimen. Finally, the scatter in the tensile strength of the intact granite material is not high in the 3PB test with a Weibull modulus of about 23. Therefore, any high scatter in the result due to a few weaker specimens must be carefully investigated.
In the present context, it seems appropriate, for clarifying reasons, to summarize the experimental results achieved in the present investigation. First of all then, the results pertinent to uniaxial compression and tension testing is shown in Tables 1, 2 and 3 . These results concern elastic modulus and strength values and relates to specimens with and without pre-existing cracks. The discussion in relation to these tables makes it possible to distinguish the results for each feature. Furthermore, the plastic behavior of the material is determined from quasi-oedometric tests as visualized in Fig. 8 and finally, the probabilistic damage behavior is studied in section 4, by using flexural testing, and summarized in Table 4 .
To conclude, based on the experimental results, a damage mechanism with stiffness reduction due to open cracks determines the rock mechanical behavior in tension. Dynamic effects with strain rate dependency play an important role that has to be considered [19] . In compression, rock has a plasticity-like behavior (corresponding to pore collapse, compaction and grain sliding and breakage) that depends on the level of hydrostatic pressure. The combination of these two sets of data gives a complete mechanical characterization of rocks subjected to different loading situations, including percussive drilling which is the main application of this work. The KST-DFH model combining a damage law in tension [2] , [16] and plasticity, due to pore collapse, compaction and grain sliding and breakage, in confined compression [14] , [15] is, as discussed repeatedly above, a likely candidate for this purpose and this will be further investigated using numerical (finite element) methods. It should be emphasized that in a mechanical analysis of a problem related to granite, for example in a drilling situation, the structural cracks discussed above could be accounted for by introducing a finite number of initial macrocracks in the analyzed structure.
